Objectives: The aim of the study was to characterize a collection of Escherichia coli and Salmonella harbouring qnr and bla CTX-M-1 genes on IncN plasmids isolated from humans, food-producing, companion and wild animals, and the environment from six European countries.
Introduction
Plasmids of the incompatibility N group (IncN) have a broad host range, conjugate at high frequency and are stably maintained in the bacterial host cell thanks to partitioning and antirestriction systems. 1 IncN plasmids show a relatively high prevalence in faecal flora of healthy animals (10.9%) and in bacterial populations not pre-selected for antimicrobial resistance, and are one of the major vehicles for the dissemination of the extendedspectrum b-lactamase (ESBL) CTX-M-1 and plasmid-mediated quinolone resistance (PMQR) genes in Escherichia coli and Salmonella isolates from humans, animals and the environment. 2 -10 The plasmid multilocus sequence typing (pMLST) database (http://pubmlst.org/plasmid/, 5 August 2012) contains 112 entries of bacterial isolates carrying IncN plasmids from Europe, the USA, China and Australia, assigned to 13 different sequence types (STs). 7 Sixty-seven IncN plasmids belong to ST1 (60%) and 56 of them (50%) carry the bla CTX-M-1 gene. ST1 plasmids included in the database are from E. coli and Salmonella from humans, poultry, pigs, cattle, companion animals and the environment and were obtained from Denmark, Germany, Italy, Greece and the Netherlands. The second most prevalent IncN plasmid type is ST11 (15 entries, 13%), which had, however, a limited diffusion being associated with the local spread of the carbapenemase VIM in Greece. The third and fourth most frequent IncN types are ST8 (n¼ 8, 7%) and ST3 (n¼ 7, 6%), carrying bla CTX-M or qnr genes, detected in several European countries from human and animal sources (http ://pubmlst.org/plasmid/, 5 August 2012).
Complete nucleotide sequences of 21 IncN plasmids are available in the GenBank database, all showing a conserved set of core genes, involved in essential functions such as replication, transfer and maintenance, and various accessory genes encoding resistance to cephalosporins, carbapenems, tetracyclines, quinolones, aminoglycosides and sulphonamides as well as heavy metal resistance genes.
The aim of this work was to study a collection of IncN plasmids identified in E. coli or Salmonella from wild and farm animals, the environment and humans from six different European countries among plasmids harbouring PMQR or bla CTX-M-1 genes. Complete DNA sequences of two representative ST1 and ST3 plasmids carrying bla CTX-M-1 and qnrS1 genes, respectively, were obtained and compared with ST1, ST3 and ST8 IncN plasmid scaffolds already available in GenBank.
Material and methods

Plasmids
Nineteen E. coli transformants obtained from clonally unrelated strains, each carrying one single IncN plasmid, were selected from a collection of previously studied E. coli or Salmonella strains obtained from human and animal clinical samples and carriers and from environmental samples from the Czech Republic, Slovakia, Poland, Denmark, Italy and the Netherlands (Table 1 ). Ten and nine plasmids showing differences in antibiotic resistance gene content and size were randomly selected among those carrying the bla CTX-M-1 , qnrS1 and qnrB19 genes, respectively. All plasmids were analysed by restriction fragment length polymorphism (RFLP) using the PvuII (Bioline Ltd, UK) restriction enzyme. Digested fragments were separated by electrophoresis in a 0.8% agarose gel. Cluster analysis of RFLP patterns was performed, generating dendrograms and measuring plasmid similarity by the Dice Similarity Index (DSI). Plasmids with a DSI ≥85% were assigned to the same cluster (designated with numbers 1, 2, 3 and 4). Letters were used to discriminate RFLP patterns assigned to the same cluster, but differing by one or two restriction bands (i.e. 1a, 1b, 1c etc.). Prototypic restricted plasmids were transferred to a positively charged nylon membrane (Roche Diagnostics, Monza, Italy) by Southern blot and hybridized with repN, qnrS1, qnrB19 and bla CTX-M-1 probes labelled with DIG-11-dUTP by PCR using a PCR Dig Probe Synthesis Kit (Roche Diagnostics). 10 -12 Detection of hybridizations was performed using the DIG Nucleic Acid Detection Kit (Roche Diagnostics).
pMLST All plasmids were typed by pMLST performed as previously described 7 on total DNA obtained by the Wizard Genomic DNA Purification System (Promega, Madison, WI, USA). Amplicons were purified and sequenced by fluorescent dye-labelled dideoxynucleotides using an ABI 3730 DNA sequencing instrument (Applied Biosystems, Foster City, CA, USA). Plasmids were assigned to STs at the www.pubmlst.org/plasmid/ site, analysing the ST prevalence at the IncN isolate database (http ://pubmlst.org/plasmid/).
Plasmid sequencing
Shotgun libraries were obtained from the qnrS1-positive pKT58A plasmid identified in 2010 in E. coli from a cloacal sample of a wild bird in Slovakia 9 and the pHHA45 bla CTX-M-1 -positive plasmid recovered in 2006 in E. coli from pigs in Denmark (this study). These plasmids were randomly selected as representative of the ST1 and ST3 IncN plasmid type among those carrying bla CTX-M-1 or qnrS1 genes, respectively. Plasmid DNA was purified using the Plasmid Midi Prep Kit (Qiagen). Sequencing was performed using the 454-Genome Sequencer FLX platform (Roche Diagnostics) following the standard GS FLX sequencing procedure (Roche Diagnostics). Plasmid coverage was .80×. Reads were aligned and assembled using Newbler assembler software version 2.0.01.14 (Roche Diagnostics).
Bioinformatics
Open reading frames (ORFs) were predicted and annotated using Artemis software (Wellcome Trust Sanger Institute, Cambridge, UK). Each predicted protein was compared against the protein database using BlastP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with a minimum cut-off of 30% identity over 80% length coverage. Gene sequences were further compared and aligned with GenBank data using BLAST (http://blast.ncbi. nlm.nih.gov/Blast.cgi) and CLUSTAL W (http://www.ebi.ac.uk/clustalw). The IncN plasmids R46 (GenBank accession number AY046276) and pRSB206 (GenBank accession number JN102344) were used as reference plasmids for annotation. GenBank files were compiled using Sequin (http: //www.ncbi.nlm.nih.gov/Sequin/).
Nucleotide sequences
The GenBank accession numbers for the pHHA45 and pKT58A plasmids are JX065630 and JX065631, respectively.
Results and discussion
IncN comparative analysis ST1 IncN plasmids harbouring the bla CTX-M-1 gene, showing identical or related RFLP patterns assigned to cluster 1 (DSI ≥88.9%), were identified in strains from different sources from the Czech Republic, Poland, Denmark and Italy, suggesting the European spread of common, highly diffused IncN plasmids responsible for the dissemination of CTX-M-1 (Table 1 and Figure 1 ). ST1 plasmids carrying qnrS1 from E. coli and Salmonella from the Czech Republic and the Netherlands showed related patterns by RFLP assigned to cluster 2 (DSI .84.9%; Table 1 and Figure 1 ). Overall the ST1 plasmids showed highly related restriction patterns (DSI ≥84.0%), and hybridization experiments suggested that divergences observed were mostly due to the regions containing different resistance genes, as suggested by hybridization with the bla CTX-M-1 and qnrS1 probes, but also to rearrangements occurring in proximity to the repN gene (plasmid 209, lane 1; Figure 1 ). ST3 qnrS1-carrying plasmids identified in human and animal strains in Slovakia, Poland and the Netherlands showed RFLP patterns assigned to cluster 3, differing from those of plasmid ST1 (DSI .65.5%). Restriction and hybridization analysis of ST3 plasmids suggested that transfer of related qnrS1-harbouring plasmids may occur between Salmonella and E. coli of animal and human origin.
ST8 plasmids carrying qnrB19 showed RFLP patterns assigned to cluster 4 (DSI .71.3%). These plasmids showed identical RFLPs and the location of the qnrB19 gene was comparable to that expected for the previously fully sequenced plasmid pQNR2078 (GenBank accession number HE613857), belonging to ST8 and carrying the qnrB19 gene, identified in E. coli from a horse in Germany. 13 Overall the comparative analysis of the IncN plasmid structure clearly highlighted the existence of plasmids carrying bla CTX-M-1 , qnrS1 or qnrB19 shared between bacterial strains of different origins and sources belonging to ST1, ST3 and ST8, respectively. Dolejska et al. DNA sequencing of pKT58A and pHHA45 plasmids
Both the pMLST database and RFLP results give clear evidence that the gene bla CTX-M-1 is mobilized by IncN plasmids belonging to ST1, and plasmids of this group are the most prevalent and widely distributed in Europe. Since the sequences of ST1-CTX-M-1 plasmids were not present in GenBank, the entire DNA sequence of the pHHA45 plasmid was determined, as representative of this plasmid type. pHHA45 was 39 510 bp in size, encoding 51 predicted ORFs. The backbone region was 34 179 bp while the region carrying the resistance determinants was 5331 bp (Figure 2 ). Since no DNA sequence of an IncN ST3-qnrS1 plasmid was present in GenBank, plasmid pKT58A, identified in a wild water bird in 2010, was randomly selected for complete sequence analysis as representative of this plasmid type. pKT58A was 52 148 bp, encoding 59 predicted ORFs. The plasmid comprised a 36 154 bp core region, encoding plasmid replication, horizontal transfer machinery, maintenance and stability functions, and a continuous 15 994 bp variable region, which included the qnrS1 resistance gene, insertion sequences or transposons (Figure 2 ). Sequence analysis of pKT58A showed a high similarity with four antibiotic resistance IncN plasmids: pRSB201 (JN102341), pRSB205 (JN102343), pRSB206 (JN102344) and pKOX105 (NC_014208). pRSB plasmids were identified in uncultured bacteria from wastewater treatment plants in Germany 14 and pKOX105 originates from a human Klebsiella oxytoca strain harbouring bla VIM-1 and qnrS1 from Italy. 15 Comparative analysis of the two sequenced plasmids with the IncN reference plasmid R46 demonstrated that they both maintained a typical IncN plasmid scaffold, including the replicon, the stbA-stbB-stbC genes involved in plasmid stability, the mucA-mucB genes involved in mutagenesis enhancement, the ardA-ardB and ardK-ardR genes providing antirestriction functions, the ccg genes (ccgD-ccgD-ccgAI-ccgAII) that encode products protecting plasmid DNA from the type I restriction system and the two regions composing the conjugative apparatus (first gene cluster: traL, traM, traA, traB, traC, traD, traN, traE, traO, traF and traG; second gene cluster: traI, traJ and traK) 16 -18 (see Figure 2 ). These regions showed 99.9% nucleotide identity. The ST1 and ST3 plasmids differed in the organization of the antibiotic resistance region as well as in their integration site within the plasmid scaffold. The bla CTX-M-1 gene in pHHA45 is inserted between the mrr gene encoding type IV restriction endonuclease and the EcoRII restriction/antirestriction system, resulting in the deletion of part of the EcoRII gene. The qnrS1 gene in pKT58A is located between the fipA and nuc genes (Figure 2 ). Both of these two integration sites (between the fipA and nuc genes or in proximity of the EcoRII restriction/ antirestriction system) have been observed in other IncN plasmids. These two regions represent the two major hot spot integration sites of transposable elements within the IncN plasmid scaffold. 14, 15, 19, 20 Analysis of the antibiotic resistance region of plasmid pKT58A
The antibiotic resistance region of pKT58A includes the streptomycin resistance genes strB-strA as a part of a relic of the transposon Tn5393 followed by the Tn1721-like element with the gene pecM encoding a transporter protein and the tet(A)-tet(R) tetracycline resistance cluster. The region containing the quinolone resistance gene qnrS1 is located downstream of the tet(R) gene. Both Tn5395 and Tn1721 have been found in many plasmids of different incompatibility groups, but interestingly, the same arrangement of Tn5395 followed by Tn1721 has been recently demonstrated in the IncN ST3 pRSB205 plasmid isolated in a wastewater treatment plant in Germany, which was, however, negative for the presence of the qnrS1 gene.
14 Plasmid pRSB205 may therefore represent the precursor of pKT58A before the acquisition of the qnrS1 gene.
The genetic environment of the qnrS1 gene in pKT58A is novel (Figure 3) . The insertion sequence DISEcl2 is located upstream of the qnrS1 gene (position 28823 -29 938) and consists of two ORFs. It has been hypothesized that this insertion sequence could have played a role in the original acquisition of qnrS1.
21
Downstream of the qnrS1 five ORFs are present (positions 30 899-34 445) up to the nuc gene at the integration site. These five ORFs encode a partially truncated resolvase and a segment showing homology with the E. coli CS12 fibrial gene cluster (AY009096). Similar arrangements of the qnrS1 gene environment, including DISEcl2 upstream and the five ORFs downstream, have been described in several plasmids, 15,22 -25 but interestingly, in pKT58A the fibrial gene cluster is duplicated upstream of DISEcl2 (Figure 3 ). The origin of this duplication is not clear, and this arrangement represents a novel environment of the qnrS1 gene.
Analysis of the antibiotic resistance region of plasmid pHHA45
The bla CTX-M-1 region consisted of 214 bp of an ISEcp1 element located upstream of the bla CTX-M-1 gene, truncated by the integration of an IS26. The CTX-M-1 cluster flanked by IS26 on both sides is integrated between the mrr and EcoRII genes, belonging to the restriction/antirestriction system of IncN plasmids (Figure 2) . Downstream of the bla CTX-M-1 gene a nonfunctional macrolide-resistance gene cluster was detected, represented by a truncated mrx gene followed by the mph(A) IncN plasmids carrying bla CTX-M-1 and qnr genes in Europe gene for macrolide 2 ′ -phosphotransferase followed by a second IS26 element. The gene module IS26-DISEcp1-bla CTX-M-1 -Dmrx-mph(A)-IS26 was recently found in E. coli plasmids, including those from the successful clone ST131 and those from E. coli from pigs in Germany. 26 In particular, this structure was demonstrated in IncN plasmids pKC394 (HM138652), pKC406 (GQ274934), pKC409 (GQ274927) and pCTX246 (FN806790) and IncI1 plasmid pKCT398 (GQ274931). Since the identical structure of the bla CTX-M-1 region can be found in plasmids of different incompatibility groups, it has been hypothesized that the whole structure can be exchanged between different plasmid backbones as a composite transposon mediated by an IS26 transposition event. 26 
Conclusions
All IncN plasmids harbouring the bla CTX-M-1 gene analysed in this study, isolated from humans, animals and the environment from different European countries, showed identical or closely related RFLPs and belonged to the same ST1 group. Three qnrS1-carrying plasmids isolated from water birds from Slovakia and Poland and a human Salmonella enterica Saintpaul from the Netherlands showed related RFLPs and belonged to the same ST3 group. Two qnrB19-carrying plasmids originating from a horse E. coli strain from the Czech Republic and a human S. enterica Typhimurium from the Netherlands have been assigned to ST8 and also showed identical RFLP patterns. Therefore both pMLST and RFLP results give clear evidence that there are specific IncN plasmids that are successfully spreading in Europe, disseminating specific resistance genes among different isolates from animal and human sources. Multiple antibiotic resistance genes were found to be collocated together with the PMQR or ESBL genes on IncN plasmids; therefore, the role of selective pressure by other antibiotic groups such as tetracyclines, which are widely used in veterinary medicine, on plasmid dissemination needs to be considered. ST1 and ST3 prototypic plasmids demonstrated that although the IncN scaffold is very well conserved (99% nucleotide identity), it is possible to classify them by pMLST in homogeneous subgroups, which are confirmed by RFLP comparative analysis. Two major integration sites within the IncN plasmid scaffold are prevalently observed for the acquisition of mobile elements carrying resistance genes. Resistance genes and insertion sequences represent the major source of variability for the evolution of IncN plasmids. 
